vibrations, as established by other experiments (figs. S4 to S6) (14) .
The spatial organization of the frequency response along the dorsal cuticle is in stark contrast with that of the TM and TP. Low frequencies dominate at the proximal end (P1 in Fig. 4A ), whereas high frequencies prevail distally (P7 in Fig. 4A ; see also fig. S5 ). This is a hallmark of tonotopy. This organization conforms to the tonotopic sensitivities of CA mechanoreceptors ( Fig. 2D) (11) . Intermediate locations (P2 to P6) exhibit a gradual increase in frequency response.
The definitive characteristics of mammalian cochlear-frequency analyzers are the essential unidirectional traveling waves, discovered by Georg von Békésy (3) . These features are paralleled at the microscale in katydids by the mechanical deflections observed along the dorsal cuticle (Fig. 4A , yellow line). Traveling waves are initiated distally and travel toward proximal locations of the AV, as recorded through the dorsal cuticle ( Fig. 4B and movie S3). A 23-kHz fourcycle tone elicits four oscillations that all reach an identical physical destination, located 200 mm along the transect around location P3-P4 (Fig. 4 , A and B). The first cycle elicits a sinusoidal response first located at~100 mm (Fig. 4B , black arrow), which then moves toward the 200-mm mark (Fig. 4B , white arrow) within 22 ms (halfperiod at 23 kHz). The oscillation reaches its maximum displacement velocity (red and blue peaks in Fig. 4B ) at this position (200 mm), before rapidly decaying over a further 25 mm. The next three cycles generate the same oscillations with increased magnitude at this location. The presence of a wave traveling from distal to proximal locations along the CA corroborates results from another katydid species (13) . Other frequencies (5 to 50 kHz) also elicit this pattern but reach maximal magnitude at different locations (Fig.  4D) . The dispersive nature of AV waves is best illustrated by the presence of phase accumulation, as waves travel across the dorsal cuticle. High-frequency waves (40 to 50 kHz) incur some 260°phase lag within a 200-mm travel length, whereas low-frequency waves (10 kHz), traveling 400 mm, accumulate up to 300° (Fig. 4C) . The velocity of wave propagation varies with frequency from 4 ms −1 (10 kHz) to 8 ms −1 (50 kHz), exhibiting a pattern similar to those reported for mammals and other insects (13, 19) .
Deflection shape analysis conducted in the spectral domain (5-to 50-kHz sweeps) confirms the unambiguous presence of traveling waves ( fig. S6) (14) . The data imply that AV provides the anisotropic medium enabling dispersive wave propagation and tonotopic delivery to the auditory receptors. Further experiments establish that both an intact AV and its fluid are required for frequency decomposition as well as for generation of traveling waves ( fig. S7 ). In contrast to observations from the phaneropterine katydid Mecopoda elongata (13), removal of the dorsal cuticle in C. gorgonensis markedly alters AV integrity and eliminates traveling waves and dispersive propagation (14) .
Altogether, the data show that the impedance conversion, dispersive wave propagation, and tonotopic representation are biophysically analogous to the same qualities of the mammalian cochlea. For C. gorgonensis, however, the entire process is embedded in morphology about one to two orders of magnitude smaller than that of mammals (centimeters and millimeters to micrometers).
Frequency representation along the AV covers 10 to 50 kHz (Fig. 4D) , a range much larger than that of the natural song (FM: 23.5 to 18.2 kHz) ( Fig. 2A) (6) . Notably, only a short AV segment of~40 mm represents the song's FM (n = 21 animals) (Fig. 4D) . For other frequencies, tonotopic mapping is spatially more disperse (Fig. 4D  and fig. S6 ), suggesting that C. gorgonensis can hear other sounds in addition to its own song, such as the ultrasonic sounds of predators (e.g., echolocating bats) (20) .
As in mammals, impedance matching in katydids arises from the surface area ratio between the TM and TP and from the lever resulting from their coupled action (Fig. 1 in turn, are induced into primordial germ cell-like cells (PGCLCs) with proper function for spermatogenesis and offspring production (1) . Considering the differences between male (XY) and female (XX) ESCs, including those at the epigenetic level (2), together with the markedly different mechanisms of male and female germ cell development (3), a fundamental challenge remains to determine whether our system reconstitutes the female developmental pathway and whether PGCLCs serve as precursors for fully functional oocytes.
To explore this possibility, we derived female ESCs bearing Prdm1 (also known as Blimp1)-mVenus and Dppa3 (also known as stella)-ECFP (BVSC) transgenes (Prdm1 and Dppa3 show specific expression in PGCs) (4) and induced them into EpiLCs and further into PGCLCs (see supplementary materials and methods). The dynamics of EpiLC and PGCLC induction from the female ESCs (the H18 and H14 lines) appeared similar to those from male ESCs (fig. S1) (1). To further characterize female PGCLCs, we chose the strategy of "reconstituted ovaries": One can aggregate female PGCs with embryonic gonadal somatic cells to form reconstituted ovaries in vitro, which are then transplanted under ovarian bursa or kidney capsules of recipient mice for oogenesis ( Fig. 1A) (5, 6) . The H18 ESCs were induced into PGCLCs, and, at each time point from day 3 (d3) to day 6 (d6) of PGCLC induction, the BV-positive cells were sorted by fluorescenceactivated cell sorting and reaggregated with E12.5 (embryonic day 12.5) gonadal somatic cells (1000 PGCLCs plus 10,000 somatic cells) for further culture (Fig. 1A and fig. S2A ). The d3 PGCLCs exhibit robust proliferation in reconstituted ovaries ( fig. S2 and supplementary text) and, with regard to gene expression and epigenetic profiles (X inactivation or reactivation and imprinting), undergo a developmental progression similar to that of PGCs in embryonic ovaries, reaching, at day 6 in reconstituted ovaries (d3ag6), a premeiotic stage similar to E12.5 PGCs (Fig. 1 For each gene, we calculated the ∆CT (the difference in the threshold cycles) from the average CT values of the two independent housekeeping genes Arbp and Ppia. The value for EpiLCs was set as 0. As represented in the Prdm1 panel (upper left), for each point, the average value from two independent experiments is shown on the log 2 scale (with standard deviations) for d3 PGCLC development (EpiLCs, d3, d3ag3, d3ag6 PGCLCs, red circles), E12.5 PGCs (green squares), and d6 PGCLCs (blue squares). (C) Hierarchical clustering of microarray data for d3 (female), d6 (male and females), and d3ag6 (female) PGCLCs, as well as E9.5 (mixed) and E12.5 (female) PGCs. (D) Expression of DDX4 (DEAD box polypeptide 4, a cytoplasmic RNA helicase expressed in germ cells after~E11.5) (red), SYCP3 (synaptonemal complex protein 3, a component of the synaptonemal complex between meiotic homologous chromosomes, light blue), and the BVSC (Blimp1-mVenus and stella-ECFP) reporter (green) and 4′,6-diamidino-2-phenylindole (DAPI) staining (white) of d3ag9 PGCLCs (d3 PGCLCs cultured in the reconstituted ovary for 9 days) and E15. PGC-derived (Fig. 1D, fig. S3 , and supplementary text)], demonstrating the meiotic potential of PGCLCs.
To explore the potential of PGCLCs for oogenesis, we generated the reconstituted ovaries with d3 PGCLCs, d6 PGCLCs, and stella-EGFP (SG)-positive E12.5 female PGCs (7) (5000 PGCLCs or E12.5 PGCs plus 50,000 somatic cells), respectively, and transplanted them at d2 of culture under the ovarian bursa of nude mice (two reconstituted ovaries per recipient ovary). Four weeks and 4 days after transplantation, we isolated the complex of the recipient and reconstituted ovaries. The reconstituted ovaries with PGCLCs, especially those with d3 PGCLCs, exhibited substantial growth, were well vascularized, and exhibited strong SC [Dppa3/stella-ECFP] fluorescence, which indicates the presence of growing or grown oocytes ( Fig. 2A and fig. S5A ). Histological sections revealed that the SC-positive donor cells contribute to oocyte-like cells, and nearly all of them reached the fully grown germinal vesicle (GV) stage, bearing multiple layers of granulosa and theca cells similar to the fully grown recipient follicles ( fig. S5B ). We found no primordial or primary donor-derived follicles ( fig.  S5, A and B) , indicating that PGCLCs underwent oogenesis in a synchronous single wave. Similarly, E12.5 PGCs underwent oogenesis in reconstituted ovaries in a single wave ( fig. S5A) , which is consistent with a previous observation (6) .
To evaluate the morphology and efficiency of the formation of GV oocytes by PGCLCs and PGCs, we mechanically isolated follicles and oocytes in the reconstituted ovaries. We also mechanically isolated GV follicles and oocytes in wild-type (WT) ovaries at 3 weeks. The average numbers of d3 PGCLC-and E12.5 PGC-derived GVoocytes per reconstituted ovary were comparable (33.4 and 32.3, respectively), whereas that of d6 PGCLCs was smaller (3.1) ( Table 1 ). This may be partly because d3, but not d6 PGCLCs proliferate robustly in reconstituted ovaries ( fig.  S2 ). Whereas most (~65%) of the WT oocytes at 3 weeks were isolated as a cumulus cell-oocyte complex (COC), most (~60%) of the oocytes derived from PGCLCs and PGCs were isolated as denuded oocytes (DOs) (fig. S6A) . Moreover, the oocytes derived from the PGCLCs exhibited abnormal elliptical shape at a higher frequency than the oocytes of the other two groups (fig. S6A ). These results suggest that, although the development of the PGCLC-and E12.5 PGC-reconstituted ovaries appears grossly normal, it may involve some instability in COC formation and that the GV oocytes from PGCLCs may exhibit some cytoskeletal immaturity and/or fragility with a certain frequency.
We performed in vitro maturation (IVM) and in vitro fertilization (IVF) of the d3 PGCLC-and PGC-derived oocytes and the WT oocytes at 3 weeks (fig. S6B ). Despite differences in COC stability and shape, the PGCLC-derived oocytes reached metaphase II (MII), were fertilized, and developed into two-cell embryos with an efficiency comparable to that of oocytes from other sources (Fig. 2B, fig. S6C , and Table 1 ). Some of the two-cell embryos from the PGCLCs developed further into blastocysts in vitro [19 of 46 (19/46) ,~39%] (Fig. 2B) . We transferred the two-cell embryos from PGCLCs, as well as those from the other sources, to separate foster mothers. We obtained newborn pups from the two-cell embryos derived from PGCLCs (5/127,~3.9%), as well as from those derived from E12.5 PGCs (13/75,~17.3%) and WT 3-week oocytes (7/55, 12.7%) (Fig. 2C, fig. S7A , and Table 1 ). All of these offspring grew similarly into adulthood ( fig. S7C) . The PGCLC-derived offspring bore the BVSC transgenes, a normal imprinting pattern, and full fertility (Fig. 2C and fig. S7, B  and D ). These findings demonstrate that female PGCLCs induced from ESCs in vitro can form fully functional oocytes.
Nonetheless, it was less efficient to obtain PGCLC-derived pups (~3.9%) than E12.5 PGCor WT 3-week oocyte-derived pups (~12.7 and 17.3%, respectively) ( Table 1) . To gain insight into the underlying mechanisms, we examined the meiosis of the oocytes from PGCLCs. Most PGCLC-derived MII-oocytes induced by IVM bore apparently normal meiotic spindles and the first polar bodies (PBs) ( fig. S8A ), indicating relatively normal first meiotic division of the PGCLC-derived oocytes. However, when we scrutinized the PGCLC-derived zygotes formed by IVF at the pronuclear stage, we found that about half (~52.8%) of them had three pronuclei (3PN), whereas a majority (~85.5%) of PGCderived oocytes had a normal two-pronuclear (Fig. 2D) . The H14 ESC-derived PGCLC-derived zygotes showed a similar phenotype (Fig. 2D) , indicating that the emergence of zygotes and oocytes bearing 3PN after IVF at a higher ratio is a feature of oocytes derived from female ESCs. Most PGCLC-derived 3PN zygotes had two maternal (M) chromosomes positive for histone H3 lysine nine trimethylation (H3K9me3) (8) and one paternal (P) chromosome, whereas about~65% of the 2PN zygotes from PGCLCs had one M and one P chromosome and the rest had either two Ms or two Ms and one P (Fig. 2E) . All of the 3PN zygotes examined (10/10) failed to extrude the second PBs and carried the triploid chromosomes into two-cell embryos (Fig. 2F and  fig. S8 , B and C). These findings indicate that a subset of the zygotes and oocytes derived from PGCLCs are unable to extrude the second PBs, resulting, after IVF, in the digynic triploid (MMP) phenotype or the digynic diploid (MM) phenotype with a failure in fertilization. This defect contributes to a low birth rate from the two-cell embryos derived from PGCLCs (Table 1) . Consistent with these findings and the fact that the triploidy is incompatible with mouse development (9) , all of the offspring from PGCLC-derived oocytes exhibited a normal diploid karyotype ( fig. S8D ). We examined whether female iPSCs could similarly be induced into fully functional oocytes. We induced the MS2 iPSCs (derived from female mouse embryonic fibroblasts, mixed background with C57BL/6, and bearing Pou5f1-EGFP transgenes) (10) into PGCLCs. We purified integrin-b3-and SSEA1-positive cells, which are nearly identical to cells with BV positivity (1), from the floating aggregates containing d4 PGCLCs (we used d4 PGCLCs because integrin-b3 exhibits specific expression after d4 of PGCLC induction) ( fig. S9, A and B ) and generated reconstituted ovaries. As a control, we generated reconstituted ovaries without the iPSC-derived PGCLCs, but with a small number of unsorted endogenous PGCs (ICR background). After transplantation, the reconstituted ovaries with the iPSC-derived PGCLCs bore many more growing or grown follicles (43.5 per transplant) than the controls (14.5 per transplant) (Fig. 3A and Table 1 ), suggesting that the iPSC-derived PGCLCs contributed successfully to oogenesis. Although the Pou5f1-EGFP transgenes did not show detectable fluorescence in the reconstituted ovaries ( fig. S9, C to F) , the GV oocytes from reconstituted ovaries containing the iPSC-derived PGCLCs specifically bore the EGFP and Pou5f1 retrovirus transgenes, as did the original MS2 iPSCs (Fig. 3A) , demonstrating the contribution of the iPSC-derived PGCLCs to oogenesis. We performed IVM and IVF using these oocytes and transferred two-cell embryos derived from zygotes with 2PN to foster mothers (Fig. 3A) . We obtained three offspring with black eyes, which bore the EGFP and the Pou5f1 transgenes and grew into fertile adults (Fig. 3, B and C, and fig.  S9G ). We conclude that like female ESCs, female iPSCs can be induced into PGCLCs in vitro, which, in turn, can mature into properly functioning oocytes.
A previous study showed that ESCs could differentiate into oocyte-like cells in culture, although these cells did not contribute to offspring (11) . We demonstrate here that female ESCs and iPSCs were induced into PGCLCs, which underwent proper development in reconstituted ovaries in vitro and matured further into fully functional GV oocytes upon transplantation in vivo. Combined with our previous study (1) , reconstitution of the essential first step of pluripotent stem cell-based gamete production in vitro has been established in both sexes. Unlike the E12.5 PGC-derived oocytes and zygotes, about half of the PGCLC-derived oocytes and zygotes failed to extrude the second PBs. The underlying mechanism of this failure requires further investigation. Combined with previous studies (12, 13), our system serves as a robust foundation to investigate and further reconstitute female germline development in vitro, not only in mice, but also in other mammals, including humans.
